1. Background
=============

Osteoclasts (OC) are multinucleated cells that resorb bone *in vivo* ([@A91583REF1]). Its differentiation is induced by two important factors, e.g. macrophage colony-stimulating factor (M-CSF) and the receptor activator of nuclear factor-κB ligand (RANKL) ([@A91583REF2]). Both factors can induce OC differentiation *in vivo* and *in vitro* ([@A91583REF3]-[@A91583REF5]). The OC precursors (OCP) are first differentiated from bone marrow mononuclear macrophages (BMMs) by M-CSF. These cells fuse to form tartrate-resistant acid phosphatase (TRAP) positive multinucleated cells in the presence of RANKL ([@A91583REF6]). Mice deficient of RANKL or its receptor RANK develop severe bone sclerosis, further indicating that the RANKL-RANK pathway is essential for OC differentiation ([@A91583REF7], [@A91583REF8]).

Vitamin D can be produced by 7-dehydrocholesterol of the skin under ultraviolet light exposure and also be consumed directly from the food. Vitamin D is processed by the kidneys after liver processing to obtain the main active form 1, 25-(OH)~2~D~3~. The active form of 1, 25-(OH)~2~D~3~ binds to the serum vitamin D binding protein (DBP) and is then transported to the target tissue/organ through the blood circulation. The important biological functions of 1, 25-(OH)~2~D~3~ is acting through a soluble receptor protein called vitamin D receptor (VDR). Active 1,25(OH)~2~D~3~ binds to its vitamin D receptor (VDR) and regulates the physiological activity of osteoblasts (OB) by enhancing RANKL secretion, which results in enhancing the differentiation of OC ([@A91583REF9]-[@A91583REF11]). On the other hand, 1,25(OH)~2~D~3~ can also inhibit c-Fms and RANK expression in OCP and therefore inhibit OC differentiation ([@A91583REF12]). The expression of nuclear factor of activated T cells cytoplasmic 1 (NFATc1) could also be inhibited in the OC differentiation process by 1,25(OH)~2~D~3~ treatment. Thus, it is imperative to study the mechanism of regulation 1,25(OH)~2~D~3~ on OC differentiation.

The Ca^2+^ ion is an intracellular secondary messenger and has important physiological functions on a wide variety of cells types. It can be uptaken into the cytoplasm through a calcium channel expressed on plasma membrane. On the contrary, Ca^2+^ moves across the basolateral membrane and then into blood circulation via Na^+^/Ca^2+^ exchanger and plasma membrane calcium pumps (PMCA) such as PMCA1b ([@A91583REF13]-[@A91583REF15]). Transient receptor potential (TRP) cation channel subfamily vanilloid member 5 (TRPV5) constitutes a calcium influx pathway in a wide range of epithelial cell types ([@A91583REF16]). As one of the most selective calcium ion TRP channels, its mRNA is abundantly expressed in bone and OC of humans and rodents ([@A91583REF17]). Moreover, Ca^2+^ oscillation can be observed in RANKL-treated BMMs during OC differentiation ([@A91583REF18]). It has been thought that TRPV5 is involved in OC differentiation. However, whether 1,25(OH)~2~D~3~ regulates OC differentiation by affecting TRPV5 expression has not been studied.

2. Objectives
=============

Here, the study was to confirm the effects of vitamin D on OC differentiation from mouse BMMs, and whether vitamin D could regulate TRPV5 expression during OC differentiation.

3. Methods
==========

3.1. Animals
------------

For this study, BALB/c mice (5 - 6-week-old, male, weight 20 to 25 g) of clean grade were purchased from Comparative Medical Center of Yangzhou University, were sacrificed by euthanasia.

3.2. Osteoclastogenesis
-----------------------

Bone marrow cells were isolated from long bones (including femur and humerus). The cells were then treated with red blood cell lysis buffer (Sigma, USA) to remove erythrocyte and cultured overnight in α-minimum essential medium (α-MEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco). Floating cells, which contained BMMs, were collected and resuspended at the density of rated amount per mL. The cells (plated at concentration of 2 × 10^5^ cells/well and 6 × 10^5^ cells/well in 24-well and 12-well plates respectively) were cultured with α-MEM supplement with 10% FBS and were treated by M-CSF (10 ng/mL) and RANKL (50 ng/mL) (Peprotech, USA)-induced form OC as previously reported ([@A91583REF19]). After OC formation, the cells were treated by different concentrations of ruthenium red (RuR, 500 nmol/L) and ECO (5 nmol/L) with or without 1,25(OH)~2~D~3~ treatments., A well-known marker of OC, TRAP, was stained by leukocyte acid phosphatase kit (Sigma, USA). TRAP-positive cells with \> 3 nuclei were considered OC.

3.3. Immunofluorescence Staining
--------------------------------

VDR immunofluorescent staining was performed as reported previously ([@A91583REF20]-[@A91583REF22]). The BMMs were plated at concentration of 2 × 10^5^ cells/well in 24-well plates) incubated with α-MEM supplement with 10% FBS for 5 days, and added M-CSF (10 ng/mL) and RANKL (50 ng/mL)-induced form OC. Cells on the chamber slides were rinsed by phosphate-buffered saline (PBS) gently. After fixing with 4% paraformaldehyde at room temperature for 10 min, cells were treated by 0.5% Triton X-100 for 20 minutes. Cells were then washed twice in PBS and blocked by 5% bovine serum albumin (BSA) for 20 minutes, followed by incubation with anti-VDR antibody (Santa Cruz Biotechnology, USA) at 4°C overnight. After washing by PBS, anti-mouse IgG conjugated with fluorescein isothiocyanate (FITC, Cell Signaling Technology, USA) and was incubated for 2 hours. Nuclei were visualized by staining with 2 µg.mL^-1^ 4\',6-diamidino-2-phenylindole (DAPI, Sigma, USA) for 15 minutes. The images were captured by DM2500 Fluorescence Microscope (Leica, Germany).

3.4. Western Blot
-----------------

The total cellular proteins in each group were extracted by lysing with radioimmunoprecipitation assay buffer containing protease inhibitor (Sigma, USA). Protein concentration was measured by BCA Protein Assay Kit (Beyotime, China) and adjusted to the equal concentrations. Samples were boiled in SDS sample buffer for 10 minutes. For immunoblotting, each sample (containing 20 - 30 µg proteins) was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 8% or 10% sodium dodecyl sulfate polyacrylamide gel and transferred onto nitrocellulose membranes using wet transfer technology. For blocking, the membranes were incubated in Tris-buffered saline with 5% dry nonfat milk and 0.1% Tween-20 at room temperature for 1 hour. After washing by Tris-buffered saline with 0.1% Tween-20 (TBST), the membranes were probed with anti-TRPV5 antibody (Abcam, UK), anti-Vacuolar H+-ATPase (V-ATPase) antibody (Santa Cruz Biotechnology, USA), anti-TRAP, anti-Cathepsin K (CTSK) antibody (Abcam, UK), and anti-Carbonic anhydrase II (CA II) antibody (Abcam, UK). β-actin detected by β-actin antibody (Abcam, UK) was considered as a loading control. The expression of these proteins was visualized by a chemiluminescence kit (Merck Millipore, USA) after incubating with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG (Cell Signaling Technology, USA) by electro chemiluminescence (ECL) Tanon 5200 detection system (Shanghai, China). The density of the bands was determined using an Image Lab software (Bio-Rad Laboratories, USA).

3.5. Statistical Analysis
-------------------------

Statistical analysis was performed with a Student t test by using the SPSS software (version 19.0; IBM SPSS, Armonk, NY, USA). All data were displayed as mean ± standard deviation. P-values less than 0.05 and 0.01 represent a significant or very significant difference, respectively.

4. Results
==========

4.1. OCP Express VDR
--------------------

We first conducted immunofluorescence staining to examine VDR expression in the cultured cells. As shown in [Figure 1](#A91583FIG1){ref-type="fig"}, VDR expression was detected on day 5 in cells-treated with M-CSF and RANKL ([Figure 1](#A91583FIG1){ref-type="fig"}). VDR signals were present in the nuclei of OCPs (red arrow, and and mature OC (yellow arrow, [Figure 1A](#A91583FIG1){ref-type="fig"}). The intensity of VDR signals was particularly high in aggregated mononucleated OCPs (blue arrow, [Figure 1A](#A91583FIG1){ref-type="fig"}). In mature OC, the VDR signals were weaker and mainly present in the ruffled border (red asterisk, [Figure 1A](#A91583FIG1){ref-type="fig"}). These results suggest that 1,25(OH)~2~D~3~ can influence OC differentiation through VDR in particular in those mononucleated cells with high levels of VDR expression.

![VDR detection by immunofluorescence. Expression of VDR (green) was observed in mononuclear cells (red arrow), especially in the cell aggregates (blue arrow). In mature OC (yellow arrow), VDR distribution can be observed in ruffled border (red asterisk). Counterstain of nuclei was carried out with DAPI (blue). Objective 200 ×; bars = 100 µm.](ijem-17-4-91583-i001){#A91583FIG1}

4.2. Vitamin D Suppresses TRPV5 Expression
------------------------------------------

To examine the effect of 1,25(OH)~2~D~3~ on TRPV5 expression, BMMs cells cultured for 3 days were then treated by 10 ng/mL M-CSF plus with 50 ng/mL RANKL (control group) with or without 10 ng/mL M-CSF, 50 ng/mL RANKL plus 10 nM 1,25(OH)~2~D~3~ for another 1, 2, and 3 days. Protein expression of TRPV5 (\~90 kDa) was detected by Western Blot. The TRPV5 expression can be detected in both groups, and its expression was up-regulated with OC differentiation. Significantly reduced expression of TRPV5 was observed in the first two days of treatment with 1,25(OH)~2~D~3~ (10 nM) (p \< 0.01) but not in Day 3 ([Figure 2](#A91583FIG2){ref-type="fig"}), implying that 1,25(OH)~2~D~3~ can inhibit TRPV5 at the early stage of OC differentiation.

![TRPV5 expression down-regulated by 1,25(OH)~2~D~3~ (VD). A, TRPV5 protein expression after treatment with VD was analyzed by western blotting. B, Quantitative analysis of TRPV5 protein expression after treatment with VD. Data means average ± SD (n = 9 each). Compared to the control group, double asterisk means P \< 0.01.](ijem-17-4-91583-i002){#A91583FIG2}

4.3. 1,25(OH)2D3 and TRPV5 Inhibitors Inhibit OC Differentiation
----------------------------------------------------------------

We next investigated the effects of 1,25(OH)~2~D~3~ and TRPV5 inhibitors on OC differentiation. 1,25(OH)~2~D~3~ and TRPV5 inhibitors were added into the culture medium, when BMMs cultured with 10 ng/mL M-CSF and 50 ng/mL RANKL for 3, 5 or 7 days. After incubation, TRAP staining was performed. As shown in [Figure 3A](#A91583FIG3){ref-type="fig"}, 1,25(OH)~2~D~3~ (10 nM) significantly inhibited osteoclastogenesis when added into the medium on day 3 (35.80 ± 19.32/well) (P \< 0.01). However, 1,25(OH)~2~D~3~ did not affect OC formation when added into medium on day 5 (53.60 ± 9.48/well) or day 7 (55.00 ± 4.42/well) (P \> 0.05). Two TRPV5 inhibitors, RUR and ECO, significantly inhibited osteoclastogenesis (P \< 0.01) at any time ([Figure 3B](#A91583FIG3){ref-type="fig"}). Compared to 1,25(OH)~2~D~3~ group, both TRPV5 inhibitors equally further inhibited OC differentiation when they were added into the medium on day 5 (not on day 3) (P \> 0.05) ([Figure 3B](#A91583FIG3){ref-type="fig"}).

![Suppression of TRPV5 inhibits OC formation. A, TRAP staining confirmed that 1,25(OH)~2~D~3~ (VD), similar to TRPV5 inhibitors (RuR and ECO), inhibited OC differentiation. B, Quantitative analysis of OC number after different treatment by VD, RuR, ECO, VD + RuR or VD + ECO. Data means average ± SD (n = 9 each). Compared to the control group, asterisk means P \< 0.05, double asterisk means P \< 0.01. Compared to the VD group, octothorpe represents P \< 0.05.](ijem-17-4-91583-i003){#A91583FIG3}

4.4. Suppression of TRPV-5 Inhibits Protein Expression in OC
------------------------------------------------------------

We further studied the effect of 1,25(OH)~2~D~3~ and TRPV5 on the expression of OC marker proteins including V-ATPase, CTSK, TRAP and Ca II by using Western blot ([Figure 4A](#A91583FIG4){ref-type="fig"}). Firstly, the effects of different concentrations of RuR and ECO were tested, showing no significant differences on these treatment doses (Supplementary File Appendix 1). BMMs cultured with 10 ng/mL M-CSF plus with 50 ng/mL RANKL were treated by 1,25(OH)~2~D~3~ and TRPV5 inhibitors. In addition, 1,25(OH)~2~D~3~ significantly suppresses the expression of V-ATPase, TRAP and Ca II. Compared to the 1,25(OH)~2~D~3~ group, the expression of CTSK and Ca II was further inhibited by RUR; whereas the expression of TRAP and CTSK was further suppressed by ECO ([Figure 4B](#A91583FIG4){ref-type="fig"}).

![Suppression of TRPV5 inhibits OC marker proteins expression. A, V-ATPase, TRAP, CTSK and Ca II expression after treatment by 1,25(OH)~2~D~3~ (VD), VD+RUR or VD + ECO were analyzed by western blotting. B, Quantitative analysis of V-ATPase, TRAP, CTSK and Ca II after treatment by 1,25(OH)~2~D~3~ (VD), VD+RUR or VD + ECO. Data means average ± SD (n = 9 each). Compared to the control group, ^\*^ P \< 0.05, ^\*\*^P \< 0.01, compared to the VD group, ^\#^ P \< 0.05, ^\#\#^ P \< 0.01.](ijem-17-4-91583-i004){#A91583FIG4}

5. Discussion
=============

Vitamin D is required for normal osseous development and maintenance of bone architecture integrity. Vitamin D, usually acquired from food and skin ([@A91583REF23]), is metabolized into an active form 1,25(OH)~2~D~3~ once it passes through the liver and kidney ([@A91583REF24]). The active form of 1,25(OH)~2~D~3~ then reaches its target tissues and organs by binding the serum DBP during circulation ([@A91583REF25]). Active 1,25(OH)~2~D~3~ binds to VDR with high affinity and selectivity. In this study, we detected the expression of VDR in BMM-derived mononuclear cells. Its expression levels decreased in mature OC. This result is consistent with the observation of low VDR expression in OC of bone tissue in patients with Paget's disease ([@A91583REF26]), suggesting that 1,25(OH)~2~D~3~ may act on VDR-rich OCP and regulate their differentiation.

Active 1,25(OH)~2~D~3~ exerts its biological effects in its target organs such as the small intestine, bones, kidneys and parathyroid gland where it participates in Ca^2+^ homeostasis ([@A91583REF27]). The first characterized channel in calcium transmembrane transport, TRPV5, is involved in renal Ca^2+^ reabsorption ([@A91583REF28]). Furthermore, 1,25-(OH)~2~D~3~ ([@A91583REF29]) may also cooperate with PTH ([@A91583REF30]), estrogen ([@A91583REF31]), testosterone ([@A91583REF32]) and other hormones to regulate Ca^2+^ homeostasis through TRPV5. Our study showed that TRPV5 expression was dramatically increased in OC, which is consistent with the results reported by van der Eerden et al. ([@A91583REF17]). Additionally, our data showed that TRPV5 was significantly inhibited by 1,25(OH)~2~D~3~ at the early stage (day 1 and 2) during OC differentiation possibly by inhibiting expression of TRPV5. Similarly, Allard et al. ([@A91583REF12], [@A91583REF33]) also reported that 1,25(OH)~2~D~3~ significantly inhibits OC differentiation at the early stage of cell differentiation.

Our data suggest that inhibition of OC differentiation by 1,25(OH)~2~D~3~ occurred at the early stage, while TRPV5 blockers could inhibit OC differentiation throughout the entire process. van der Eerden et al. ([@A91583REF17]) reported that OC numbers and OC areas of femoral bone in TRPV5 knockout mice were increased, whereas OC bone resorptive activity was impaired. These seemingly contradictory observations could be due to the difference of TRPV5 expression level by 1,25(OH)~2~D~3~-treated BMMs in knockout of TRPV5 mice. Alternatively, the TRPV5 gene was knocked out in all tissues and organs in TRPV5 knockout mice. Regardless, our results suggest that TRPV5 is important for OC differentiation, and that 1,25(OH)~2~D~3~ may inhibit OC differentiation by suppression of TRPV5.

Meanwhile, RuR can significantly block the TRPV5 channel activity. Since the inhibition effects of RuR on TRPV5 is actually by suppressing the electrophysiological activity of the channel. As a result, the inhibitory effect on the expression level of TPRV5 may be due to inhibition of TRPV5 electrophysiological activity and thereby hindering the differentiation and maturation-related activity of OC and bone resorption capacity. The inhibition of OC differentiation may partially inhibit the activation of RANKL-NFATc1 by TRPV5. Furthermore, RuR and Eco act as TRPV5 blockers, can inhibit the activation of NFATc1 and reduce the level of OC differentiation and bone resorption activity through calcium oscillation. Several key proteins such as Ca II, V-ATPase, CTSK and TRAP are secreted into the extracellular bone resorption site where they degrade hydroxyapatite or bone organic matter, thus functioning in OC bone resorption. These proteins are considered important markers of OC ([@A91583REF34], [@A91583REF35]). Indeed, our study showed that Ca II, V-ATPase, CTSK and TRAP were detected after treatment with 1,25(OH)~2~D~3~, which could be further blocked by RUR or ECO. A similar observation was made by Lin et al. ([@A91583REF36]).

In summary, our study provides evidence that VDR and TRPV5 were expressed in OCP and OC, and that TRPV5 was important in OC differentiation. Active 1,25(OH)~2~D~3~ may inhibit OC differentiation by suppressing TRPV5 expression at the early stage. The study warrants further investigation of the precise mechanism by which VDR regulates TRPV5 expression.
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